Aims/hypothesis Muscle may experience hypoglycaemia during ischaemia or insulin infusion. During severe hypoglycaemia energy production is blocked, and an increase of AMP:ATP activates the energy sensor and putative insulinsensitiser AMP-activated protein kinase (AMPK). AMPK promotes energy conservation and survival by shutting down anabolism and activating catabolic pathways. We investigated the molecular mechanism of a unique glucose stress defence pathway involving AMPK-dependent, insulin-independent activation of the insulin signalling pathway. Methods Cardiac or skeletal myocytes were subjected to glucose and insulin-free incubation for increasing intervals up to 20 h. AMPK, and components of the insulin signalling pathway and their targets were quantified by western blot using phosphor-specific antibodies. Phosphomimetics were used to determine the function of IRS-1 Ser789 phosphorylation and in vitro [ 32 P]ATP kinase assays were used to measure the phosphorylation of the purified insulin receptor by AMPK. Results Glucose deprivation increased Akt-Thr308 and Akt-Ser473 phosphorylation by almost tenfold. Phosphorylation of glycogen synthase kinase 3 beta increased in parallel, but phosphorylation of ribosomal 70S subunit-S6 protein kinase and mammalian target of rapamycin decreased. AMPK inhibitors blocked and aminoimidazole carboxamide ribonucleotide (AICAR) mimicked the effects of glucose starvation. Glucose deprivation increased the phosphorylation of IRS-1 on serine-789, but phosphomimetics revealed that this conferred negative regulation. Glucose deprivation enhanced tyrosine phosphorylation of IRS-1 and the insulin receptor, effects that were blocked by AMPK inhibition and mimicked by AICAR. In vitro kinase assays using purified proteins confirmed that the insulin receptor is a direct target of AMPK. Conclusions/interpretation AMPK phosphorylates and activates the insulin receptor, providing a direct link between AMPK and the insulin signalling pathway; this pathway promotes energy conservation and survival of muscle exposed to severe glucose deprivation.
Target of rapamycin complex 1 TSC2
Tuberous sclerosis complex-2
Introduction
The insulin and 5′-AMP-activated protein kinase (AMPK) signalling pathways regulate glucose and fatty acid metabolism, and numerous components of growth, differentiation and survival. Both pathways are ubiquitously expressed in eukaryotic tissues [1, 2] . Activation of the insulin signalling pathway is an anabolic stimulus, while AMPK represses anabolism and activates catabolic pathways to conserve ATP. The insulin signalling pathway is activated when insulin or IGF-1 bind the insulin receptor (IR), activate the insulin receptor kinase (IRK) and autophosphorylate the IR. The activated IR binds and tyrosine phosphorylates IRS proteins, creating docking sites for SH2 domain-containing proteins that propagate the signal to the final effectors [1, 3] . The major pathways docking at the activated IRSs are the phosphatidylinositol 3-kinase (PI3K) pathway, the Cb1-associated protein (CAP)-casitas B-lineage lymphoma (CBL)-ras-like protein TC10 (TC10) pathway, and the mitogen-activated protein kinase and the protein kinase C (PKC) pathways [1, 4, 5] . PI3K, CAP-CBL-TC10 and PKC are the major conduits for glucose (GLUT4) regulation. PI3K recruits the Akt kinase, phosphoinositide-dependent kinase-1, and Akt is activated by phosphorylation of Thr308. As described in recent reviews, Akt phosphorylates several targets that regulate cell growth and survival, as well as metabolism [6, 7] . The targets include caspase 9, the pro-apoptotic B cell leukaemia/lymphoma 2 (BCL2) family member, BCL2-associated agonist of cell death (BAD), the forkhead transcription factors, glycogen synthase kinase 3 beta (GSK3β) and the ribosomal 70S subunit-S6 protein kinase (p70S6K) [8] [9] [10] . The activities of the IR and IRS proteins are modulated by serine/threonine (Ser/Thr) phosphorylation. Ser/Thr phosphorylation typically confers negative regulation and insulin resistance, as described by others [11] [12] [13] . This regulation mostly takes place at the level of IRS-1/2. IRSer1275, -1309, -1293 and -1294 are subject to autophosphorylation by IRK, and Ser117, -78, -82, -1035 and -1037 are phosphorylated by PKC [14] . IRS proteins have several Ser/Thr sites, most of which negatively regulate signal transduction and confer insulin resistance. As described previously and in reviews, IRS proteins contain targets for Akt, S6 protein kinase (S6K), c-Jun N-terminal kinase 1 (JNK-1), PKC, GSK3β, salt-inducible kinase 2 (SIK2) and AMPK [11] [12] [13] . IRS-1-Ser307 is a key regulatory site that, when phosphorylated by JNK-1, inhibitor of κB kinase beta (IκK-β) or PKC, inhibits signal conduction. IRS-1-Ser636 and -639 phosphorylation by S6K also blocks signal transduction, and mediates negative feedback and termination of insulin signalling [15] [16] [17] . SIK2 and AMPK phosphorylate IRS-1 at the same Ser789 site [18] [19] [20] [21] [22] . Whereas positive regulation by Ser789 has been suggested [20] , such positive regulation has not been confirmed, and in light of more recent studies including the results described here, it seems likely that Ser789 exerts only negative regulation of IRS-1 [18, 19, 21, 22] .
AMPK is an energy sensor kinase that responds to the ATP:ADP/AMP energy charge of the cell. It is activated allosterically by AMP binding and phosphorylation by liver kinase 1 [23] . As reviewed by others, AMPK is activated in muscle by physiological and pathophysiological stimuli that increase AMP levels, including contraction, hypoxia and hypoglycaemia [24, 25] . The activity of AMPK is also modulated by hormones and cytokines that affect wholebody energy balance, and by the insulin-sensitising drugs metformin and the thiazolidinediones, as described in a recent review [25] . AMPK activity is increased by glucose deprivation of muscle cells, which correlates with increased glucose uptake and glycolysis independently of insulin [26] [27] [28] . AMPK also enhances fatty acid transport and oxidation, while switching off fatty acid, cholesterol, glycogen and protein synthesis pathways. The latter effects contribute to the 'insulin-sensitising' properties of AMPK [29] . AMPK blocks cell growth both indirectly by inhibiting the activity and production of biosynthetic enzymes, and directly by targeting the tuberous sclerosis complex-2 (TSC2) and target of rapamycin complex 1 (TORC1)-raptor, thereby blocking phosphorylation of p70S6K. Several pathways have been described for AMPKenhanced insulin sensitivity and glucose transport; a major molecular component involves relief of the negative feedback loop and inhibition of S6K by phosphorylation of TSC2 [25] . Here, we present evidence for another link between AMPK and the insulin signalling pathway via direct phosphorylation and ligand-independent activation of the IR.
Methods
Reagents Antibodies directed against Akt, phosphor-AktThr308, phosphor-Akt-Ser473, AMPK, phosphor-AMPKThr172, IRS-1, phosphor-IRS-1-Ser789, GSK3β, phosphor-GSK3β-Ser9, phosphor acetyl coenzyme A carboxylase (ACC)-Ser79, anti-green fluorescent protein (GFP) and phosphor-IRS-1 (panTyr) (ELISA) were from Cell Signaling Technology (Beverly, MA, USA). PI3K, actin, IR, phosphor-IR Tyr1158, Tyr1162 and Tyr1163 antibodies, and AMPK (α1, β1, γ1) active were from Millipore (Temecula, CA, USA). Anti-Myc antibody was from Sigma (St. Louis, MO, USA). Insulin was from Sigma, and LY294002 and wortmannin were from BioSource (Camarillo, CA, USA). Aminoimidazole carboxamide ribonucleotide (AICAR), compound C and Akt inhibitor X were from EMD4 Biosciences (San Diego, CA, USA Cell culture Methods for primary culture of neonatal rat cardiac myocytes have been previously described [30] . Before experiments, cells were transferred to defined serum and glucose-free DMEM, supplemented with transferrin and vitamin B12, with or without insulin as indicated. For viral infections, cultures were exposed to the indicated amount of virus for 48 h before exposure to experimental conditions. Cultures were exposed to AMPK-modifying drugs, including Ara-A, compound C or AICAR, 30 min before collection or as indicated. Intact mouse myotubes were isolated from dispersed hindlimb muscles by incubation with collagenase and dispase, and plating on collagen-coated dishes as described [31] . Preparations containing intact myofibres and myotubes were exposed to serum-free defined medium before experimental treatments. All experiments involving animals were approved by the University of Miami Institutional Animal Care and Use Committee.
Western blot, immunoprecipitation and immunostaining Detailed procedures for western blot analyses and immunostaining have been described [30] . Immunoprecipitation assays followed the same procedures as western blots, except that cleared lysates were pre-incubated with antibody overnight and complexes separated using protein-G-agarose before gel electrophoresis.
Site-directed mutagenesis Methods described by Luo et al. [32] were used to implement mutagenesis of IRS-1-Ser794. Briefly, human IRS1 cDNA was inserted into a pReceiverLv08 vector and amplified with PCR using a kit (QuikChange Site-Directed Mutagenesis; Stratagene). The primers were 5′-CACTGCCTCTGGTCGCCTTCTCTATG-3′ (Ser-Ala) or 5′-CACTGAATCTGGTCGCCT TCTCTATG-3′ (Ser-Glu). Mutations were verified by sequencing. Adenoviruses (Ad) encoding GFP-IRS-1 or mutants were produced using RAPAd CMV Adenoviral Expression System (Cell Biolabs, San Diego, CA, USA). Myocytes were infected with the viruses at a multiplicity of infection of 50 for 48 h before treatments.
Glucose uptake measurement Glucose was measured using DOG as described by Chaudary et al. [33] . Briefly, cells were washed three times with KRB buffer at 37°C. Glucose uptake was initiated by adding 0.1 mmol/l DOG containing 37 kBq/ml DOG, and cells were incubated at 37°C for 5 to 15 min. At each time point, cells were chilled on ice, washed three times with ice-cold KRB containing 25 mmol/l glucose, lysed with NaOH, neutralised and counted by scintillation.
In vitro PI3K activity assay PI3K activity associated with IRS-1 was analysed following the procedure described elsewhere [34] . IRS-1 was immunoprecipitated from cell lysates and reactions incubated at room temperature using 2 μg/μl phosphatidylinositol and [γ-
32 P]ATP (740 kBq). The PI3K phosphorylation product was visualised by thin-layer chromatography and autoradiography.
In vitro AMPK assay Equal aliquots of IR immunoprecipitated from serum-starved HepG2 cell lysates were mixed with kinase buffer, 0.5 mmol/l AMP, active AMPK (3 ng/μl), 25 μmol/l ATP and [γ-
32 P]ATP (3.7 × 10 5 Bq), and incubated at 30°C for 5 to 20 min. Reactions were stopped by boiling in SDS-loading buffer. Proteins were separated by PAGE and labelled products detected by autoradiography.
Statistical analysis Western blots were quantified using NIH Image J software (http://rsbweb.nih.gov/ij/ downloaded June 2011). Results are expressed as mean±SEM. Differences between means were evaluated by two-tailed Student's t test.
Results
Activation of Akt in glucose-and insulin-depleted myocytes Cardiac myocytes were subjected to glucose-and insulin-free medium for progressive time periods up 24 h and components of the insulin signalling pathway measured at intervals. As indicated in Fig. 1 , the phosphorylation of Akt on Thr308 and Ser473 peaked between 4 and 8 h at almost tenfold above the levels of parallel glucosecontaining cultures and remained elevated over 24 h. GSK3β phosphorylation increased in parallel, whereas the phosphorylation of S6K and mammalian TORC1 Ser2448 decreased in the glucose-free condition. GSK3β is a direct substrate for Akt, whereas S6K is phosphorylated by the mammalian TORC1 [6, 10] . TORC1 is negatively regulated by TSC2, and S6K phosphorylation is normally increased transiently by insulin because Akt phosphorylates and inactivates TSC2 [35] . Activated S6K then contributes to the negative feedback regulation of the insulin signal by phosphorylating IRS-1-Ser636 and -639, thereby inhibiting PI3K [15, 16, 36] . Downregulation of S6K simultaneously with activation of Akt-Thr308 and -Ser473 suggests that glucose starvation mimics insulin stimulation upstream but not downstream of Akt.
Glucose starvation activates PI3K To investigate the effect of glucose starvation on signalling components upstream of Akt, we measured PI3K activity and the binding of the p85 subunit of PI3K to IRS-1 (Fig. 2a, b) . Glucose starvation caused a significant increase of PI3K activity at 4 and 8 h, which coincided with the peak of Akt phosphorylation and with increased binding of PI3K p85 to IRS-1. PI3K activity did not correlate with Akt phosphorylation at later time points, suggesting that additional factors contribute to the regulation of Akt when glucose starvation is prolonged. To confirm the role of PI3K, we pretreated cardiac myocytes with the partially selective inhibitors LY294002 and wortmannin, exposed cultures to glucose deprivation for 4 h and quantified Akt phosphorylation as described in Fig. 1 . As shown in Fig. 2c , Akt phosphorylation at Thr308 was fully blocked (>95%) by both inhibitors, whereas Akt phosphorylation at Ser473 was unaffected by these inhibitors under normal glucose conditions and partially (40±9%) inhibited by LY294002 in the glucose-deprived condition.
Glucose starvation primes insulin signalling To determine whether enhanced IRS-1/PI3K activity caused by glucose depletion augments insulin signalling, cardiac myocytes were cultured in the presence or absence of glucose as described ( Fig. 1 ) and stimulated with insulin. As shown in Fig. 2d , e, insulin phosphorylation of Akt-Thr308 and GSK3β was markedly enhanced by glucose-free culture. As expected, Akt and GSK3β basal phosphorylation were elevated in glucose-starved cultures prior to insulin stimulation. Glucose starvation conferred about a fourfold enhancement of insulin-stimulated Akt-Thr308 and a twofold enhancement of and Thr308 (black bars) were quantified by densitometry in the linear exposure range using NIH Image J as described. c Quantification as above (b) of GSK3β (grey bars) and S6K (black bars) phosphorylation, and (d) mTOR phosphorylation at Ser2448; n03; *p<0.05 by Student's t test GSK3β at both insulin concentrations. Therefore glucose starvation primes insulin signalling and is a powerful stimulus of the pathway with or without insulin. Glucose starvation activates AMPK, an acute effect of which is to phosphorylate TSC2 and raptor, and to block the activation of mammalian TORC1 and S6K [35, 37] . This antagonises the action of insulin on TORC1 and S6K. To begin investigating a possible role of AMPK in the regulation of Akt by glucose deprivation, we quantified the phosphorylation of its principal target, ACC, during insulin stimulation in the presence and absence of glucose. As shown in Fig. 2d , the activity of AMPK as reflected by phosphorylated ACCSer79 was markedly increased in glucose-free cultures. To determine whether treatment with AICAR also primed insulin signalling, we repeated the experiments described in Fig. 2d , but substituted AICAR treatment for glucose deprivation. As shown in electronic supplementary material (ESM) Fig. 1 , AICAR pretreatment for 30 min increased the phosphorylation of AMPK and ACC, and enhanced the phosphorylation of Akt-Thr308 in the presence and in the absence of insulin. These results are consistent with a role for AMPK in the activation of the insulin signalling pathway by glucose deprivation. Figures  1 and 2 show that glucose starvation differentially regulates Akt and S6K, and activates AMPK. To determine whether AMPK is involved in the reciprocal regulation of Akt and S6K by glucose depletion, we again monitored AMPK activity through its markers phosphorylated ACC and phosphorylated AMPK, and determined the effects of AMPK inhibitors and AICAR. These results are Ratio Akr-P-T308
Stimulation of Akt by glucose starvation requires AMPK
GSK3β-PS9 Glucose starvation activates PI3K and confers enhanced insulin sensitivity. a Cardiac myocytes were cultured as described ( Fig. 1) . At each time point, cell lysates were immunoprecipitated (IP) with anti-IRS-1 antibody and PI3K was assayed as described, or lysates were subjected to western blot analysis with antibodies against the p85 subunit of PI3K or IRS-1. PI3K-P, phosphorylated PI3K. b Quantification of PI3K-P and p85 in blots (a) from three separate experiments; *p<0.05. c Akt-Thr308 phosphorylation (Akt-P-T308) is sensitive to PI3K inhibitors. Cardiac myocytes were cultured as described ( GSK3β-P-S9, phosphorylation of GSK3β at Ser9; P-ACC, phosphorylated ACC. e Akt-P-T308 was quantified as the ratio of Akt-P-T308: total Akt. Glucose starvation significantly increased insulin-induced phosphorylation of Akt at 5 and 15 min, p<0.01; n04
shown in Fig. 3a-d . In Fig. 3a cardiac myocytes were again subjected to glucose-and insulin-free incubation for 4 h, this time in the presence and absence of dnAMPK Ad (dnAMPK) or Ad-GFP as control. Phosphorylation of Akt on Thr308 and Ser473 was increased by glucose starvation and this was blocked by dnAMPK. Similarly ACC phosphorylation on Ser79 was increased by glucose starvation and blocked by dnAMPK. Consistent with previous reports, we found that IRS-1-Ser789 phosphorylation was markedly increased by glucose starvation, again in an AMPK-dependent manner. Expression of the cMyc tag confirmed high expression of the dnAMPK, and the effect on Akt was paralleled by phosphorylation of GSK3β-Ser9 (Fig. 3a) . To further investigate a role for AMPK in these effects, cardiac myocytes were starved of glucose for 4 h in the presence and absence of the AMPK inhibitor Ara-A, or treated with AICAR for 30 min with normal glucose. As shown in Fig. 3b , glucose starvation increased the phosphorylation of ACC, AMPK, Akt, GSK3β and IRS-1-Ser789, this effect being blocked in each case by Ara-A and mimicked by AICAR. To confirm these effects over an extended time course, myocytes were subjected to glucose starvation for up to 16 h as described (Fig. 1 ) and the phosphorylation of ACCSer79 and of three key regulatory IRS-1 sites was quantified.
As shown in Fig. 3c, d , phosphorylation of ACC-Ser79 was increased by about twofold at all time points. IRS-1-Ser789 phosphorylation was increased by more than fivefold, but there was no significant change in the phosphorylation of Fig. 3 Activation of the insulin signalling cascade by glucose starvation requires AMPK and is mimicked by AICAR. a Cardiac myocytes were infected with dnAMPK or Ad-GFP for 48 h as described, and then incubated for 4 h in the presence or absence of glucose as in Fig. 1a , after which equal lysate proteins were analysed by western blot. Overproduction of dnAMPK in glucose-containing cultures did not affect basal levels of phosphorylated Akt (Akt-P), IRS-1 phosphorylation (P) at Ser789 or ACC phosphorylation (ACC-P) (data not shown). b Cardiac myocytes were cultured as above (a) and subjected to 4 h incubation in the presence or absence of glucose, AICAR or Ara-A as indicated. AICAR treatment was at 0.5 μmol/l for 30 min, Ara-A was at 5 mmol/l for 1 h before cell collection. Results are representative of three separate experiments. c Cardiac myocytes were cultured with or without glucose as described (Fig. 1a) and equal proteins were analysed by western blot with the indicated probes. d Western blots of ACC-P were quantified as described and corrected for protein loading; please note that total ACC protein levels were not significantly affected by glucose starvation (not shown). e Quantification as above (d) of IRS-1 phosphorylation at Ser789 (grey bars), Ser636 and Ser639 (black bars), and Ser307 (white bars). d, e n04; *p<0.05 and **p<0.01; NS, IRS-1 phosphorylation at Ser636 and Ser639 and Ser307
IRS-1 Ser636, -639 or -307. The absence of an effect on IRS-1-Ser636 and -639 is consistent with the suppression of S6K (Fig. 1) . In control experiments we found that insulin treatment caused the rapid phosphorylation of IRS-1-Ser307, -636 and -639 as well as S6K, but not of IRS-1-Ser789 (ESM Fig. 2 ). Taken together, these results show that Akt activation by glucose starvation requires AMPK activation.
Negative regulation of Akt by IRS-1-Ser789
To determine whether the increased phosphorylation of IRS-1-Ser789 contributes to the activation of Akt, mutations were introduced into human GFP-tagged IRS1 cDNA to replace Ser794 (human IRS-1-Ser7940rat IRS-1-Ser789) with alanine (IRS-1-Ser794-A) or glutamine (IRS-1-Ser794-E) to respectively block or mimic phosphorylation. IRS-1 wildtype and mutant cDNAs were cloned into adenoviral vectors and used to infect cardiac myocytes prior to exposure to glucose starvation as described. The results of these experiments are shown in Fig. 4 . Glucose-free culture increased the phosphorylation of Akt on Thr308 and Ser473 as expected, this being markedly enhanced in each case by overabundance of wild-type IRS-1, indicating that endogenous IRS-1 is limiting in the activation of Akt. Infection of cultures with IRS-1-Ser794-A increased Akt and GSK3β phosphorylation to a level comparable with wild-type IRS-1, whereas infection with IRS-1-Ser794-E decreased Akt phosphorylation relative to wild-type or uninfected cells. Quantification of these results is shown in Fig. 4b . The phosphorylation of Akt-Thr308 was increased eightfold in glucose-starved myocytes infected with wild-type IRS-1 or the Ser-Ala mutation, whereas overexpression of the SerGlu mutant caused >50% loss of Akt-Thr308 phosphorylation. In data not shown, we found the same trends when AICAR treatments replaced glucose starvation. Phosphorylation of Akt on Ser473 displayed similar trends, but was less dependent on IRS-1, a finding that is consistent with the alternative pathway of activation [38] . Figure 4c shows that infection of cardiac myocytes with the different adenoviral vectors generated equivalent IRS-1-GFP levels. The results support previous reports [18, 19, 21, 22 ] that the IRS-1-Ser789 (h794) site confers negative regulation and cannot account for enhanced Akt activation by glucose starvation or AMPK.
Glucose depletion increases tyrosine phosphorylation of IRS-1 Because glucose starvation caused increased binding of IRS-1 to PI3K, we determined whether this was accompanied Fig. 4 Phosphomimetic analyses of IRS-1-Ser789/794 function. Cardiac myocytes were infected with IRS-1 wild-type (wt), or with IRS-1 mutations with glutamine (IRS-1-S794-E) or alanine (IRS-1-S794-A), each with a GFP tag. Infection was for 48 h as described above (Methods), followed by 4 h incubation in glucose-free media. a Equal cell lysate proteins were analysed by western blot for Akt phosphorylation (P), GSK3β-P and IRS-1. The upper band in the IRS-1 lanes indicates levels of infected IRS-1-GFP. S, Ser; T, Thr. b Quantification of Akt-P abundance by Ad infection, relative to control (no Ad, i.e. wt); n 04; † p <0.004 and **p < 0.0001. c Cardiac myocytes were infected with each Ad as described (Methods) and visualised for GFP fluorescence, immunostained GFP antibody and DAPI. Results showing equivalent GFP abundance with each Ad are representative of three separate infections. A, alanine; E, glutamine; S, Ser by changes in IRS-1 tyrosine phosphorylation. Total IRS-1 phosphotyrosine was quantified by ELISA before and after treatments with insulin or glucose-free incubation as described (Methods). As shown in Fig. 5a , tyrosine phosphorylation of IRS-1 was significantly increased by insulin stimulation or glucose starvation. IRS-1 residues Tyr612 and Tyr632 are within the PI3K binding domain of IRS-1 and essential for this binding [39] . Therefore we also examined the effects of glucose starvation and insulin on the phosphorylation of these IRS-1 residues. Figure 5b shows that glucose starvation or treatment with AICAR increased the phosphorylation of both tyrosine residues by amounts that were close to that caused by insulin treatment. Figure 5b also shows that selective inhibition of AMPK with compound C eliminated the increased phosphorylation of Tyr632 simultaneously with parallel inhibition of Akt and ACC phosphorylation. Quantification of these results (Fig. 5c ) confirmed that glucose starvation mediated a significant AMPK-dependent increase in the phosphorylation of IRS1 at Tyr632.
Glucose depletion increases tyrosine phosphorylation of IR Activated IRK is the only known pathway for tyrosine phosphorylation of IRS-1. We therefore asked whether increased tyrosine phosphorylation of IR paralleled that of IRS-1. Previous studies have shown that IR activation loop tyrosine residues 1162 and 1163 are essential for activation of the IRK by insulin binding [40] . As shown in Fig. 6a , b, phosphorylation of IR at Tyr1162 increased significantly during glucose starvation. This was paralleled by increased Akt and GSK3β phosphorylation, and blocked by dnAMPK. The lower mobility band representing AMPK-GFP (Fig. 6a) confirms overabundance of dnAMPK. We found that compound C also inhibited the enhanced phosphorylation of IR at Tyr1162 by glucose starvation (not shown). Therefore glucose starvation increases tyrosine phosphorylation of key residues of the IR and IRS-1 in an AMPK-dependent manner. As expected, IR Tyr1162 phosphorylation was also increased by AICAR treatment (ESM Fig. 3 ). To determine whether these results extended to skeletal myocytes and intact myotubes, we measured Akt, IRS-1-PY632 and/or IR-PY1162 in C2C12 skeletal myocytes, and in freshly isolated primary mouse myofilaments and myotubes (see Methods) after exposure to glucose-free incubation. As shown in Fig. 6c, d , Akt-Thr308, IRS-1-Y632 and IR-Y1162 phosphorylation were each increased by glucose starvation or insulin treatment of C2C12 myocytes ( Fig. 6c ) and intact myotubes (Fig. 6d) , suggesting that similar pathways operate in skeletal muscle. For myotubes, we also demonstrated that GSK3β was phosphorylated in parallel and all effects were mimicked by AICAR (Fig. 6d) . Figures 5 and 6 show that glucose starvation mediates the AMPK-dependent increase in tyrosine phosphorylation of IRS-1 and IR. Therefore we hypothesised that AMPK directly phosphorylates the IR. To test for this, we mixed purified α-AMPK and immunoprecipitated IR β-subunit in an in vitro kinase reaction. As shown in Fig. 7 , the IR β-subunit has a molecular size of † Glucose starvation mediates AMPK-dependent IRS-1 tyrosine phosphorylation. a Cardiac myocytes were cultured as described (Fig. 1a) and incubated with or without glucose for 4 h. Total IRS-1 phosphor-tyrosine was measured on equal protein cell lysates using an ELISA kit. For the positive control (with insulin, +Ins), cultures were stimulated with 100 nmol/l insulin for 7 min; n04; † p<0.003. b Cardiac myocytes were cultured as above (a), incubated with (+) or without (−) 5 mmol/l glucose for 4 h, and treated with 0.5 μmol/l AICAR for 30 min or with 100 nmol/l insulin for 7 min. Equal lysate proteins were analysed by western blot using the indicated probes. c Cultures were additionally treated with or without compound C (20 μmol/l) for 30 min before collection. d Phosphor-IRS-1 Y632 was quantified as the ratio of phosphorylated IRS-1-Y632/total IRS-1; n 04; † p <0.0002. P, phosphorylation; Y, Tyr about 100 kDa (Fig. 7a) . In the absence of AMPK, we observed a small incorporation of [ 32 P]ATP into the 100 kDa putative IR band that may represent endogenous IR autophosphorylation or contaminating kinases. There was a marked increase in the phosphorylation of IR when AMPK was included in the reaction, and this was eliminated by inclusion of the AMPK inhibitor compound C (Fig. 7b) , confirming AMPK-selective phosphorylation of IR in vitro. Quantification confirmed significant AMPK-dependent, compound-C-sensitive incorporation of [ 32 P]ATP into the IR (Fig. 7c) .
Phosphorylation of IR by AMPK
Akt-dependent preservation of intracellular ATP The energy-conserving roles of AMPK are well documented; however, Akt has also been shown to preserve intracellular ATP [41] . To see whether Akt activation during glucose starvation conserved energy, we measured ATP in glucosestarved cardiac myocytes in the presence and absence of the PI3K inhibitor LY294002 and the Akt inhibitor Akt-X. As shown in Fig. 8 , intracellular ATP levels declined significantly at 4 and 6 h of glucose depletion, but recovered significantly at 8 h in a PI3K-and Akt-dependent manner.
AMPK-and PI3K-dependent glucose uptake We predicted that simultaneous activation of AMPK and Akt by Glucose starvation mediates IRS-1 and IR tyrosine phosphorylation in cardiac and skeletal myocytes, and isolated skeletal muscle fibres. a Cardiac myocytes were infected or not with dnAMPK as described (Methods), followed by culture as described (Fig. 1a) and incubation with or without glucose for 4 h. Insulin treatment was 100 nmol/l for 7 min. Equal cell lysate proteins were analysed by western blot. P, phosphorylation; S, Ser; T, Thr; Y, Tyr. b Phosphor-IR Y1162 was quantified as the ratio of phosphorylated Y1162:total IR; n04; † p<0.005. c C2C12 skeletal myocytes were serum-starved overnight and incubated for 4 h without insulin and with or without 5 mmol/l glucose. For insulin-treated lanes, cultures were treated with 100 nmol/l insulin for 10 min. Equal lysate proteins were analysed by western blot as indicated. d Skeletal myotubes were isolated from mouse hindlimbs as described (Methods) and incubated in defined medium with or without glucose (G), LY294002 (Ly, 20 μmol/l), AICAR (0.5 μmol/l for 30 min) or insulin (100 nmol/l for 10 min). Equal lysate proteins were analysed by western blot. Results are representative of at least three experiments glucose starvation would augment glucose transport in an AMPK-and PI3K-dependent manner. To test for this, we measured DOG uptake during the initial 5 min of reintroduction in the presence and absence of PI3K and AMPK inhibitors. As shown in Fig. 8b , glucose uptake was increased by more than threefold by glucose-free culture, compared with normal glucose culture. The enhanced glucose uptake was significantly inhibited by infection with dnAMPK or by treatments with the PI3K inhibitors, LY294002 and wortmannin. Combined dnAMPK and LY294002 was no different from either treatment alone, confirming that a component of glucose transport is common to both inhibitors. To determine whether the PI3K-dependent component of glucose transport involved residual insulin, we also exposed myocytes to saturating levels of an anti-insulin blocking antibody for 1 h before measuring glucose uptake. This treatment did not significantly reduce glucose uptake, confirming insulin independence (Fig. 8b) . Cytochalasin B treatment confirmed a low non-specific background radioactivity associated with the assay.
Discussion
We have shown that glucose and insulin starvation of cardiac and skeletal myocytes activates AMPK and stimulates the insulin-signalling pathway with five-to tenfold sustained increases in the phosphorylation of Akt and GSK3β. During the same time period, the phosphorylation of mammalian TORC1-Ser2448 and S6K-Thr389 decreased. Experiments using selective AMPK inhibitors or AICAR confirmed that AMPK was essential for glucose starvation to activate the insulin signalling pathway. Importantly, the results with different chemical and genetic inhibitors and inducers of AMPK were internally consistent in supporting these conclusions. The effects could not be accounted for by AMPK-mediated phosphorylation of IRS-1 at Ser789 because this was shown to confer negative regulation (Fig. 4) . To further investigate the mechanism, we measured the phosphorylation of key tyrosine residues of IRS-1 and IR (Figs 5 and 6 ). These Fig. 8 Role of activated Akt in ATP homeostasis and glucose uptake. a Cardiac myocytes were cultured as described (Fig. 1a) and incubated with or without glucose for 4, 6 or 8 h. Where indicated, cultures were treated with LY294002 (Ly, 20 μmol/l) or Akt inhibitor X (X, 10 μmol/l) for the duration of the experiment. The lysates were collected and ATP concentration measured; n05; ***p<0.001. b Cardiac myocytes were cultured as described (Fig. 1a) and exposed to glucose-and insulin-free conditions for 20 h, followed by glucose uptake quantification. To inhibit AMPK, cultures were pre-infected with 20 plaque forming units (pfu)/cell of adenoviral-dnAMPK for 48 h before incubations, as described (Fig. 3a) . LY294002 (20 μmol/l), wortmannin (Wm, 10 μmol/l) or cytochalasin B (Cyto-Cal B, 10 mmol/l) were added 30 min before measurement of glucose uptake; n05; ***p<0.001 relative to +glucose condition: † p<0.005 relative to control. c Proposed pathway of glucose starvation/AMPK-mediated sustained activation of Akt. AMPK is activated in muscle cells by multiple physiological and pathophysiological conditions, including glucose deprivation and contraction. We propose that AMPK phosphorylates IR on Ser/Thr residue(s) and promotes allosteric activation of IRK with tyrosine phosphorylation of IR and IRS-1, activation of PI3K and phosphoinositide-dependent kinase 1 (PDK1), and phosphorylation of Akt on Thr308. AMPK also phosphorylates TSC2 on Ser1235 and TORC1-raptor (Rap) on Ser722 and -792, both of which suppress the activation of S6K by Akt. Suppression of S6K blocks the negative feedback termination of insulin signalling and allows sustained activation of Akt by AMPK. TORC2/rictor (Ric) is not affected by AMPK and PDK2 remains active, allowing sustained phosphorylation of Akt-Ser473. AMPK-mediated sustained activation of Akt and suppression of mammalian TORC1 supports retention of the survival functions of Akt, while suppressing the anabolic functions that would be detrimental for cell survival under compromised energy states results revealed significantly increased phosphorylation of IRS-1 residues Y612 and Y632, and of IR residue Y1162 by glucose starvation or AICAR. In vitro kinase assays revealed AMPK-dependent IR phosphorylation, which was fully inhibited by compound C. We conclude that AMPK can phosphorylate the human IR. Whereas we have not identified the site of phosphorylation, the human IR contains a number of sequences with homology to the AMPK consensus [37] . We propose that AMPK phosphorylation of the IR causes allosteric activation of IRK independently of insulin. Previous work has shown that the IR is phosphorylated by PKC [42, 43] and cyclic AMP-dependent kinase [44] , and that the activation loop of the IR is allosterically modified by ATP binding [45] Glucose starvation conferred sustained activation of Akt and GSK3β, while depressing the phosphorylation of mammalian TORC1 and S6K. These effects can be explained by the dual AMPK-mediated phosphorylation of IR and TSC2. Figure 8c shows our proposed scheme for regulation of the insulin signalling pathway by glucose starvation. The pathway is initiated by AMPK phosphorylation and allosteric activation of IRK. Activated IRK leads to classical PI3K and Akt activation, but the signal ends there because S6K is suppressed due to AMPK-mediated phosphorylation of TSC2 and/or raptor, and repression of mammalian TORC1. S6K normally terminates the insulin signal by phosphorylating IRS-1 at the negative regulatory Ser636 and Ser639 site. The negative feedback regulation does not occur when the pathway is activated by AMPK because IRS-1 activity is protected. In data not shown, we found that when insulin stimulation was superimposed on glucose-starved myocytes, the negative feedback loop was restored and Akt activity returned to its basal unstimulated state by 30 min after stimulation. This may be due in part to the fact that Akt phosphorylation of TSC overrides that of AMPK, and in part to inhibition of AMPK by Akt [46, 47] . Mammalian TORC2 appears to be fully activated by glucose starvation or AICAR, as evidenced by the sustained phosphorylation of Akt-Ser473 (Fig. 8c) .
Our results confirm previous work that the phosphorylation of IRS-1 at Ser789 confers negative regulation and excludes this as a mechanism for activation of the pathway by AMPK [18, 19, 21, 22] . We provide direct evidence for negative regulation of IRS-1-Ser789. Our results, moreover, indicate that AMPK activates the pathway despite, rather than because of IRS-1-Ser789. Although positive regulatory IRS-1-Ser/Thr sites have been reported [11, 17, 48, 49] , none of these sites contain sequences with significant homology to the AMPK consensus. Consequently, we attribute activation of the insulin signalling pathway by glucose deprivation of cardiac and skeletal myocytes to AMPKmediated phosphorylation of the IR, allosteric activation of IRK and transmission of the signal to IRS-1, PI3K and Akt-GSK3β. Our results further suggest that this improves ATP conservation and augments glucose uptake. Our preliminary observations that this pathway is activated by the same stimuli in skeletal myofilaments suggest that it may translate into similar physiological responses in more complex tissues and whole organs.
In summary, we provide the first evidence that AMPK phosphorylates and activates the IR and promotes activation of the insulin signalling pathway in the absence of insulin or growth factors in cardiac and skeletal myocytes, and in primary skeletal myofilaments. The pathway confers survival signals for cells under energy stress with sustained activation of Akt and GSK3β, and suppression of the anabolic pathways regulated by mTOR1 and S6K. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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